The construction of many civil engineering structures is hindered by the poor condition of near-surface soils. Structures built on loose sands or weak clays always undergo excessive settlement. Thus, measures should be undertaken to improve the shear strength characteristics of these soils in order for safe and economic structures to be built. In situ treatment has evolved markedly with soil reinforcement using planner layers of geosynthetic as one of the well developed techniques. The behaviour of conventionally reinforced soils depends mainly upon the frictional resistance between reinforcing layers and surrounding soil. In this paper, an alternative approach is proposed and examined for improving the bearing capacity of weak soils. The proposed technique involves wrapping the soil underneath the footings by a layer of geosynthetic in order to create a wrapped cushion. Results of numerical investigation carried out using a finite element code "ABAQUS" are presented and validated against physical experiments. The elasto-plastic Drucker-Prager Cap model is used to model the soil behaviour. The interaction between reinforcing material and surrounding soil and between footing and reinforcing material is modelled using "Contact pair" models. The results of the proposed technique seem promising over the conventional soil reinforcement technique
The behaviour of reinforced soils depends primarily upon the frictional resistance between the horizontal ties and the surrounding soils. Thus, the use of granular soil packing between woven geotextile layers is preferable (Saleh, 2001) . In addition to the frictional resistance between the soil and the reinforcing layers, configuration of reinforcing layers including the number, location and dimension of layers, has significant influence on the behaviour of reinforced ground.
Several researchers concluded that placing the reinforcement layers below a depth of the footing width is not beneficial (see for example, Chang 1985 and Guildo et al. 1986 ). However, there is a debate for the optimum depth of the geotextile layers. The optimum depth of the top layer of reinforcement was found to vary between 0.1 and 0.5 of the footing width depending upon the test conditions and materials used (see for example, Akinmusuru and Akinbolade, 1981 , Yetimoglu et al., 1994 and Yamamoto and Otani 2002 . The number of reinforcement layers is also extensively investigated. In general, the bearing capacity increases with increasing the number of layers up to a certain number. The results of Yetimoglu et al. (1994) suggested that the optimum number of layers is 4 whereas Guildo et al. (1986a) recommended the use of 3 layers. It should be noted that a marginal increase in the value of ultimate bearing capacity is observed even with further increase in the number of layers above the recommended one.
The vertical spacing between the successive layers of reinforcement also plays a significant role in the bearing capacity of reinforced ground (see for example, Guildo et al. 1986b and Singh 1988) . In principal, it was found that there is an optimum vertical spacing between the reinforcement layers, which would vary between 0.15 and 0.25 of the footing width. If the vertical spacing between reinforcing layers increases, less interaction between them could be manipulated which in turn would affect significantly the value of bearing capacity. Besides the vertical spacing between reinforcing layers, the dimension of layers affects the overall performance of the reinforced ground.
The size of the reinforcing layers depends upon the type of reinforcement and shape of footing with greater dimension of reinforcement needed for strip footing over ground reinforced with geotextile layers (see, for example, Guildo et al. 1986) . Results indicated that the geogrid reinforcement is more effective than the geotextile from the standpoint of improving the bearing capacity of footing on reinforced sand (Guildo et al. 1986 ). Jewel et al. (1984) pointed out that the mechanism for mobilization of friction resistance in geogrids was different from that of geotextile. Various deformation patterns of reinforced sand beds at failure were studied (Michalowski and Shi 2003) .
It comes clear that the behaviour of reinforced soils depends upon the mobilised frictional resistance between the reinforcing layers and surrounding soils as well as the mobilised tensile force in the reinforcing layers. The latter would depend upon the type and arrangement of the reinforcing layers. By examining the conventional method of reinforcement, it is clear that the use of strong reinforcing layers is not beneficial, as the overall performance of soil and reinforcement would be restricted by the mobilised frictional resistance.
Thus, an alternative technique is proposed to exploit the reinforcement material to its maximum possible strength. The proposed technique involves wrapping a layer of geotextile around a nominal amount of soil in order to create a wrapped and sealed cushion underneath the surface footing. The proposed method would depend primarily upon the tensile strength of the geotextile material as well as the density of soil within the cushion. In addition it depends secondarily upon the frictional resistance between cushion and the surrounding soil.
In this paper, the results of the numerical and experimental investigations carried out to examine the efficiency of the proposed technique are presented. It is found that the proposed technique further enhances the performance of poor soils when it is compared with the conventional reinforcement method. Further investigations are underway to explore the influence of joints and filling material on the load-settlement behaviour.
Proceedings of the 8 th ICCAE-8 Conference, 25-27 May, 2010 GE 7 4 Materials and experimental set-up An experimental investigation was carried out to investigate the behaviour of unreinforced sand beds and sand beds reinforced with geotextile layers or wrapped geotextile cushions, under surface loading. Figure 1 shows the experimental set-up employed in this investigation. A rigid 3-D tank with internal dimensions of 50 cm x 50 cm x 40 cm was used to construct sand media. A square rigid steel plate with a dimension of 10 cm x 10 cm was used to transfer the vertical load. The vertical load is applied via the loading device, which is mounted on the loading frame. The applied load and settlement of the footing were recorded electronically using the data acquisition system. Dry silica sand was used in this investigation. This sand was classified as poorly graded medium sand (C u = 1.18 and C c = 1.0) with D 50 of 0.37 mm. The measured density of all sand samples was ~1.56 gm/cm 3 . A Lotrok 50R woven geotextile material was used to reinforce the sand beds. The Lotrok 50R was used because of its high tensile resistance and small pore size distribution of the geotextile sheet, which holds the sand particles within the wrapped cushion without any troubles. Square reinforcing layers were placed as required by the test condition. Shear box tests were undertaken to determine the angle of shearing resistance of sand samples and between the sand and Lotrok 50R sheets. The angles of shearing resistance are 32 o and 30 o for sand samples and between the sand and geotextile layer respectively. , 25-27 May, 2010 GE 7 5 Test programme and procedure
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In all experiments, dry sand was poured inside the 3-D tank from a height of 50 cm above the sand level to construct homogenous sand packing. The process continued up to reaching the predetermined level of the geotextile layers. Then the sand surface was horizontally levelled. Subsequently a layer of geotextile or the wrapped cushion was placed at that level. At this stage, care was taken to place the reinforcement symmetrically around the vertical centreline of the tank. It should be noted that the wrapped cushion was prepared and sealed properly using staples to maintain adequate tensile strength between various parts of the cushion before its placement within the sand bed. Subsequently, dry sand was poured again either to reach another level in order to place a second reinforcing layer or to fill the rest of the tank. Finally, the sand surface was levelled off. The steel plate representing the surface footing was placed carefully on the sand surface and proper arrangements were implemented to ensure that the vertical centreline of the footing coincides with that of the reinforcing layers and the footing sides are parallel to those of the reinforcing layers in their horizontal projection. Identical sand beds were almost constructed. Initial tests were carried out on unreinforced sand beds to determine the load-settlement behaviour. Then a series of tests was carried out to investigate the influence of the depth of the top geotextile layer or the top of the geotextile cushion below the sand surface (D); the vertical spacing between the geotextile layers or the equivalent thickness of the geotextile cushion (Vs) and the width of the geotextile layer or cushion (W) on the loadsettlement behaviour. Figure 2 shows different parameters studied in this investigation.
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Numerical Modelling Description of the model
In this study, the non-linear finite element package ABAQUS/Standard is used to carry out a two-dimensional (2D) plain strain analysis of the model. Finite Element Method is applied for investigating the using of geotextile sheets for improving the bearing capacity of weak and problematic soils underneath the surface footing. A numerical model is developed so that the considered problem can be investigated. An elaborated description of the models assigned for soil mass, surface footing, geotextile wrapped cushion and Soil-Geotextile interface is presented in this section. Four-node bilinear plane strain quadrilateral reduced integration elements () are used to discretize the soil, while 2-node linear membrane elements are used to discretize the reinforcement. Number of finite element meshes with different degrees of refinement was tried first in order to obtain appropriate mesh for the analysis of the system that converges to a unique solution as denser mesh is constructed in areas in which stresses are concentrated. The finally adopted finite element model for the problem is illustrated in 
Process of Loading and Boundary Conditions
The footing is modelled as steel, rigid and perfectly bonded to the soil surface. The external uniform pressure loading process on the footing is applied continuously incrementally until the prescribed displacement is attained. The boundary conditions are utilized to reproduce those of experimental tests. On the two sides of model, the displacement in the horizontal direction is restrained. At the bottom surface of the model no normal and tangential displacement are allowed, whereas the top surface of the model is free of restrain.
Soil and Reinforcement Modelling
A membrane element is the most suitable element for the modelling of the geosynthetics (Perkins, 2001 ) and was used by many researchers (e.g. Dondi, 1994; Lee, 2000) . So in this numerical investigation, the reinforcement is simulated as a membrane, which transmits in-plane force only and has no bending stiffness. The stress-strain behaviour of reinforcement is modelled by a linear elastic model. The soil is considered as a sand soil whose behaviour is modelled by an elasto-plastic Drucker -Prager Cap model. The Drucker-Prager-Cap model was originally developed to predict the plastic deformation of soils under compression (Mizuno and Chen, 1990) . It consists principally of two intersecting segments: a shear failure segment Fs and a cap segment Fc which provides an inelastic hardening mechanism to account for plastic compaction and helps to control volume dilatancy when the material yields in shear. A transition segment Ft has been introduced to provide a smooth surface between the shear failure surface and cap segment.
Soil-Reinforcement Interface Model
The soil-reinforcement interface properties are one of the basic factors influencing the performance of reinforced soil foundation. The surface-based contact interaction available in Abaqus/Standard is used in this study to model the soil-reinforcement interface. Surface-based contact simulations between two deformable bodies generally need to define mechanical contact property models in two directions normal and tangential directions. the "hard contact" is assumed in normal direction and no separation of surfaces is allowed once surfaces contact. These contact properties in normal direction can minimize the penetration of slave nodes into the master surface and don't allow the transfer of tensile stress across the interface. The contact pressures transmitted across the interface usually are shear and normal forces. The relationship , 25-27 May, 2010 GE 7 8 between these two force components is described in terms of the Coulomb friction model
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Results and discussion
The results of the experimental investigation are presented here to highlight the effect of wrapping a sand cushion with a layer of geotextile on the behaviour of the sand bed. To examine the efficiency of such reinforcement, the percentage increase in bearing pressure, is employed. The percentage increase in bearing pressure is defined as:
(1) 100 xpressure bearing in increase % o r  where q r and q o are the maximum bearing pressure of reinforced and unreinforced sand beds respectively. The bearing pressure is the load in kN divided by the area of the footing (100 cm 2 ). For convenience in expressing and comparing the data, the maximum bearing pressure was taken at a settlement of 25 mm in all tests. Figure 4 shows the bearing pressure against settlement of unreinforced sand bed and reinforced sand bed with two geotextile layers with different values of vertical spacing. This batch of tests was carried out while maintaining a depth of 0.25 B between the sand surface and top geotextile layer and width of geotextile layers as the same as the footing width. It is clear from Figure 4 that the bearing pressure of unreinforced sand bed is much smaller than that of the reinforced sand bed at the same settlement. These results show clearly that as the vertical spacing between the two geotextile layers increased the maximum bearing pressure decreased. At a vertical spacing of 0.25 B, the maximum bearing pressure was the greatest (82 kN/m 2 ) an improvement of 95% over unreinforced sand bed. The least maximum bearing pressure (64 kN/m 2 ) corresponds to a vertical spacing of 1B, an improvement of 52 %. These results are in good agreement with previously reported ones (see, Singh, 1988 and Yetimoglu et al 1994) . 
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Finite Element Model Verification
In order to validate the correctness of the adopted models for the soil, reinforcement, and reinforcement-soil interaction, finite element analyses were first checked against the results from experimental model tests for a footing on the reinforced soil. Figures 5-7 show the comparison between the finite element analyses and the experimental model tests for unreinforced and two-layer reinforced soil with different values of vertical spacing (0.25 B and 1B). As can be seen from these figures, the finite element analyses have a reasonable agreement with model test results, although there is some allowable deviation between them. Results of sand beds reinforced with wrapped cushions of different thicknesses are presented in Figure 8 . Figure 8 shows clearly that significant increase in the maximum bearing pressure was noticed with increasing the thickness of wrapped cushion.
For example, an improvement of 320 % was obtained when the thickness of wrapped cushion was 1.0 B. To aid the discussion and to compare the data presented in Figures 4 and 8, the percentages increase in maximum bearing pressure for both reinforcement methods at various values of vertical spacing are shown in Figure 9 . It can be seen that the sand beds reinforced with wrapped cushions have completely opposite behaviour pattern to those reinforced with two layers of geotextile. There are several factors contributed to the increase in maximum bearing pressure including:
1. The wrapped cushion transfers the surface loading to a deeper level, which results in greater bearing capacity. 2. Vertical deformation of the wrapped cushion increases the density of the cushion, as the surface area of the wrapped cushion remains constant. This increases the stiffness of wrapped cushion, which in turn increases the bearing capacity. 3. With thicker wrapped cushion, more shear resistance is developed along the sides of the cushion. These sides resistance increase the bearing capacity and decreases the settlement. The results suggest that there is no optimum value for the thickness of the cushion. However, the behaviour of the reinforced sand bed is significantly affected by the thickness of the wrapped cushion. The results of tests aimed at investigating the influence of width of reinforcing layers or wrapped cushions on the percentage increase in maximum bearing pressure are presented in Figure 10 . This batch of tests was carried out with a depth of 0.5 B to the top reinforcement layer and vertical spacing of 0.25 B. Figure 6 shows that the maximum bearing pressure increases when the width of reinforcement increases. It can be seen that there is significant increase in the percentage increase in the maximum bearing pressure when the width of the geotextile layers was doubled. However, it is also observed that there is no significant increase in the maximum bearing pressure with further increase in the width of geotextile layers over 2 B. Similar results were observed by where the optimum width for the geotextile was obtained as 3 B.
The increase in the maximum bearing pressure is due to the increase in the mobilised frictional resistance along the geotextile layers.
By increasing the width of the wrapped cushion (W), the maximum bearing pressure increased significantly. This is quite apparent in Figure 10 . These results suggested that the increase in the maximum bearing pressure is quite sensitive to the width of wrapped cushion. It should be noted that because of a slight change in the density of the wrapped cushion, there was no significant increase in the maximum bearing pressure when the width of the wrapped cushion increased from 2.0 B to 2.5 B.
The experimental results suggested that the shear failure zones were not developed directly below the footing, as the depth of the sand is insufficient but instead are developed beneath the cushion. By increasing the width of the cushion the load is redistributed over a larger area and hence, it requires a considerable load in order to fail. In addition, it is observed that large cushions did not settle as one unit but instead the centre of the cushion settled at a quicker rate with the boundary of the cushion being pushed upwards. It is reasonable to conclude that the rate of increase in the maximum bearing pressure for the two types of reinforcement is significantly different with no optimum width of the wrapped cushion. Figure 11 shows the results of increasing depth of top reinforcing layer on the maximum bearing pressure. For both types of reinforcement investigated, the maximum bearing pressure decreased with increasing depth of the top layer. Both of these reinforcement methods displayed a similar behaviour. However, reinforcing sand beds with wrapped cushion showed better performance than reinforcing the sand bed with two layers of geotextile. The maximum improvements for both methods were obtained when the depth of the top layer was at 0.25 B below the sand surface. Further investigations are underway to examine behaviour of sand beds reinforced with layers and wrapped cushion at smaller depths.
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The results show clearly that the behaviour and failure mechanism of sand beds reinforced with wrapped cushions is completely different from those of the conventional soil reinforcement method. The proposed method of reinforcement in which a wrapped cushion with geotextile layer is placed underneath the surface footings seems more effective and beneficial than reinforcing the sand bed with open ended layers of geotextile.
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Conclusions
The following conclusions can be drawn out of the investigation:  This paper presents a fully coupled numerical analysis of footing-soilreinforcement interaction .The analysis procedures and the material models in the fully coupled analysis are validated by comparison with experimental tests and good agreement is obtained between them. Further numerical studies have been performed using the fully coupled model to simulate the effects of different system parameters  The results of reinforcing sand beds with two layers of geotextile are in good agreement with previously reported studies.  An alternative technique is proposed to reinforce the sand bed with a wrapped cushion to utilise the tensile strength of the geotextile sheet.  At a given value of bearing pressure, the wrapped cushion resulted in smaller settlement than that of the two layers of geotextile. Furthermore, the maximum bearing pressure of wrapped cushion is always greater than that of the two layers of geotextile of the same dimension.  The behaviour of the two types of reinforcement in respect to the parameter Vs is completely opposite to one another. As the ratio Vs/B increases the percentage increase in maximum bearing pressure of sand bed reinforced with two layers of geotextile decreases, whereas that of sand bed reinforced with geotextile cushion increases. The results indicated that there are no signs of optimum value of the thickness of wrapped cushion.  The width (W) of the reinforcement has a significant effect on the bearing capacity and settlement of the surface footings. The geotextile layers had an optimum width ratio of 2~3 B, after which the bearing capacity did not increase significantly. However, with increasing the width of the geotextile cushion the bearing capacity increases substantially with no signs of an optimum width ratio.  It seems that the bearing capacity increases with decreasing the depth of the top geotextile layer. However, further research would be required to establish an optimum value.
